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FOREWORD

The study entitled "Space Transfer Concepts and Analyses for Exploration Missions
(STCAEM)" was performed by Boeing Defense and Space Group, Huntsville, Alabama, for
the George C. Marshall Space Flight Center (MSFC). The activities reported herein were
carried out under Technical Directives 10, 11, 13, 14, and 15 during the period
October 1991 through December 1992. (TD-12, an investigation of laser-electric orbit
transfer, was separately reported.) The Boeing program manager was Gordon Woodcock
and the MSFC Contracting Officer's Technical Representative was Alan Adams. The
task activities for the studies carried out under these Technical Directives were
performed by M. Appleby, P. Buddington, J. Burruss, S. Capps, M. Cupples, S. Doll,
B. Donahue, D. Eder, R. Fowler, D. Harrison, K. Imtiaz, S. LeDoux, J. McGhee, N. Rao,
and T. Ruff.
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ABSTRACT

This report covers the third phase of a broad-scoped and systematic study of space
transfer concepts for human lunar and Mars missions. The study addressed issues that
were raised during Phase 2, developed generic Mars missions profile analysis data, and
conducted preliminary analysis of the Mars in-space transportation requirements and
implementation from Stafford Committee Synthesis Report. The major 4effort of the
study was the development of the First Lunar Outpost (FLO) baseline which evolved from
the Space Station Freedom Hab Module. Modifications for the First Lunar Outpost were
made to meet mission requirements and technology advancements.

xviii
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1.0 INTRODUCTION

1.1 STUDY SCOPE

The Space Transfer Concepts and Analyses for Exploration Missions (STCAEM) study
addresses in-space transportation systems for human exploration missions to the Moon
and Mars. The subject matter includes orbit-to-orbit transfer vehicles, planetary
landing/ascent vehicles, and the crew modules needed to form complete crew and cargo
transportation systems. Also included are orbital assembly and operations facilities if
these are needed for assembly, construction, recovery, storage in orbit, or processing in-
space transportation systems for reuse. All propulsion and systems technologies that
can be technically evaluated are open for consideration. Excluded from the study are
Earth-to-orbit systems. Crew entry vehicles intended for direct Earth atmosphere entry
from a lunar or planetary return trajectory are included. Capabilities of, and constraints
on, Earth-to-orbit systems and their operations are parametrically considered as a

boundary condition on in-space transportation systems.

1.2 REPORT SCOPE

This report represents Phase 3 of the STCAEM study. Phase 1 covered a wide range
of lunar and Mars transportation options (ref. 1) and lunar rover concepts and technology
needs. Phase 2 concentrated on Mars transportation using nuclear thermal propulsion
(ref. 2). Phase 3 concluded certain trade studies on Mars transportation that were begun
during Phase 2; most of Phase 3 was devoted to analysis of a lunar surface habitation
system, the "First Lunar Outpost" (FLO). This report provides details of the FLO
habitation system in Sections 3 through 8 and on the conclusion of the Mars

transportation studies in Sections 9 to 11.

1.3 THE PREMISE OF THE FIRST LUNAR OUTPOST

The idea for the First Lunar Outpost arose during STCAEM Phase 1. Analyses of
lunar transportation and lunar base buildup scenarios had highlighted a "chicken and egg"
issue wherein astronauts are needed on the Moon to build a surface base but a surface
base is needed to house the astronauts. Phase 1 analysis indicated a possible solution in
the form of a turn-key habitation system that could be placed on the lunar surface in a
single landing of about 30 t payload. This followed logically from earlier concepts,
identified in several studies, for "construction shacks". The Phase 1 scope did not
include surface base elements, so the idea was not pursued under the contract; instead it
was picked up on Boeing IR&D. An IR&D concept was developed and briefed to NASA as
a "lunar Campsite".
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Later, a brief analysis was funded under the STCAEM contract to investigate
minimum-mass options for a FLO-type habitat, with a target of 15 t It was concluded
that a lunar-day-only habitat could be designed at about 18 t but that the target was not
reachable under the given assumptions (a) derive the habitat from a Space Station
Freedom habitat module, and (b) accommodate a crew of 4.

In 1992, the target mass was increased to 25 to 30 t by NASA in view of the need to
have that delivery capability for a crew mission. The concept was named First Lunar
Outpost and designated as a target initial return-to-the-Moon mission for the Space
Exploration Initiative. The STCAEM contract was modified by task order to fund Boeing
to assist NASA MSFC in developing a FLO habitation conceptual design, supported by
trade studies and analyses.
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2.0 EXECUTIVE SUMMARY

2.1 THE FLO CONCEPT

b.

C.

d.

e.

h.

i

The FLO concept general requirements are:

To be deliverable to the Moon on a single landing and through remote and/or

automated deployment and checkout, be ready to accommodate a crew with

essentially no crew time devoted to preparing the FLO for habitation.

To accommodate a crew of four, under somewhat austere conditions, e.g. no crew

private quarters.

To support a crew of four through one lunar day, one lunar night, and the next lunar

day.

To repeat this support mission an indefinite number of times, given suitable resupply

of consumables and spares.

To provide airlock access to the lunar surface.

To have hyperbariec chamber capability within the airlock to support aeroembolism

countermeasures.

To provide other somewhat unspecified lunar surface mission support capabilities.

Some specifics are known:

1. Provide EVA EMU storage, refurbishment, and servicing capabilities,

2. Provide electric power for recharge of a small unpressurized piloted rover,

3. Include in the logisties provisions an allowance for science mission equipment
delivery and resupply,

4. Be stocked with enough consumables and other provisions for the first mission,
in the as-delivered configuration,

The FLO is targeted to have an all-up mass, as payload for a lunar lander, of 30 t or

less.

Redundancy provisions may be relaxed somewhat from the usual "fail-op, fail-op,

fail-safe" manned system approach in view of the mission design. It provides

constantly accessible return-to-Earth capability through presence of a fueled and

ready crew return transportation system within walking distance during all of every

FLO crew mission. However, safety and abort analyses were to be conducted to

ensure crew safety and to ensure that nothing in the design or operations plan would

preclude using the abort return to Earth capability.

The FLO conceptual approach was to provide a self-contained habitation system

that could be delivered as the payload of a lander. The system was to be derived as

directly as possible from a Space Station Freedom (SSF) habitation module, to
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minimize R&D cost and maximize maturity of life support and other mission
hardware. Since a SSF habitation module relies on other elements of Space Station
Freedom for support and services, these must be provided in the complete FLO
design. Specifically, the following capabilities in addition to the SSF habitation

module are required:

1.

2.
3.
4.
5

Airlock,

Electrical power supply, lunar day and night,

External thermal control system,

External communications system for EVA and Earth communications,

Resupply provisions suitable for lunar surface operations (It is deemed not
feasible to remove and replace entire racks as accomplished for Space Station
Freedom, in view of the 1/6 g environment of the lunar surface).

An external view of the FLO concept, on the lunar surface still mated to the lander
as delivered, is shown in figure 2-1. The baseline concept is used as delivered; it is not
offloaded from the lander. An internal arranglement, top view, is shown in figure 2-2.
The high degree of heritage from the SSF habitation module is evident.

Resupply/utility hoist l l l ] , [
Catwalk and railing P.V Array, 160 m2

Lander structure and {' IR
propeilant tanks ____ i

p———m— Radiator, 60 m2

{total, 80 m2 shown deployed)

N ! — .
ACS016

Figure 2-1. First Lunar Outpost Configuration
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Ops/support
l stowage
Science
SPCU/ Crossover
EVA CHeCS ng:ﬁn Science Cabin air
stowage e V\?o rkst. TCS
—o—-— Flexible Dust Barrier
‘ Panlaintinty =.
SPCU/ Hyper- Waste | Crossover
airlock barc Gall Mgmt. |Cabinair
control | support |2 ey Comp. |TCS

A\E::

Figure 2-2. FirstLunar Outpost Habitat, Plan View

AC5014

The FLO incorporates the nerewlock" portion of the SSF airlock and the support
equipment needed to operate it. EMU servicing and storage are located in the FLO
module. The electrical power system uses solar arrays and regenerable fuel cells to
supply about 10 kWe continuous power. The large tanks on the outside of the habitat are
fuel cell gas reactant storage. Smaller tanks store water and makeup atmosphere. A
thermal control radiator is located on the top of the habitat. The external thermal
control loop includes a heat pump to raise the radiator temperature and thus reduce the
radiator size. A stairway and a motorized hoist/elevator facilitate crew and equipment
transport between the airlock portal and the lunar surface. In the baseline, all internal
resupply is brought in through the airlock as a task added to normal EVA operations. A
logistics module was examined in one of several trade studies.

The mass target of 30 t was attained. Earlier in the study this target was set at 25 t
It became clear that the baseline crew mission system would have more than 30 t
capability as a cargo system. To attain the 25-t target, it would be necessary to delete
the hyperbaric airlock capability or make other mass reduction changes indicated as
costly. A summary mass statement is presented in figure 2-3.
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Module Structure 6345 kg
Internal Systems
ECLSS 2990 kg
Medical Support 668 kg
Crew Systems 1402 kg
DMS 687 kg
lav 97 kg
Internal EPS 711 kg
Internal TCS 1262 kg
Internal Science 767 kg
Internal EVAS 535kg
External Systems
Support Structure 2064 kg
C&T 72kq
External EPS 5451 kg
External TCS 520 kg
Airlock System 2175 kg
EVA Suits with crew
Gas Conditioning Assem bly 258 kg
Dedicated Radiation Protection Not Required
Consumables 2505 kg
Contingency (15 - 28% of Ext Systems) 1477 kg
[ Total Landed Mass 29.986kg |

Figure 2-3. Integrated Baseline C oncept Description, Mass Properties Summary

If the crew mission system were changed to incorporate a higher-performance Earth
return stage, its delivery capability would drop to the 25-t range. Promising mass
reduction options for the FLO hab to attain a 25-t target include (1) deletion of
hyperbaric requirement; (2) reduce structural mass by redesign and use of higher-
performance materials; (3) reduce the initial consumables inventory by bringing some of
this inventory on the first crew mission; and (4) scrubbing the power budget, especially
to reduce average night time power.

2.1.1 FLO Baseline Development
Evolution of the baseline included several stages, summarized as follows:

8. An initial baseline was created by modifying the Space Station Freedom Hab-A only
8s necessary to make it operable on the lunar surface. These changes included such
things as adding an adapted shuttle Orbiter airlock and moving active equipment
racks out of the floor tier, which is expected to accumulate lunar dust. External
systems were initially represented parametrically, e.g. power as kg/kWe so that a
preliminary overall mass estimate could be made. The initial baseline did not
achieve the 25-t target.

b. The Hab-A equipment list was reviewed in detail to determine what could be
eliminated because it is not needed for the FLO mission. An example is the
convective oven in the galley. It was judged that the "somewhat austere" ground
rule for FLO permits eliminating the convective oven, retaining only a microwave
oven. This version was denoted A1l.
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The Al configuration was reviewed to ascertain what could be modified to further
reduce mass. An example is reduction of cabin air eirculating fan power since the
1/6 g lunar environment will provide some natural convection. At this time, the
overall power budget, which had been adapted from the Hab-A, was critically
reviewed with special attention to night time average power. Night time power
must be delivered from the fuel cells at a mass penalty of several hundred kg per
kWe. Significant reductions were made, including duty factor estimates for
intermittently operating equipment. This version was designated AZ2. This baseline
came close to the 25-t target.

The A2 configuration was reviewed in detail with respect to proper satisfaction of
known requirements. A major revision occurred at this time due to recognition that
the shuttle airlock was not suitable for 1/6 g operation with lunar EVA EMUs, and
that hyperbaric capability was an important requirement for the FLO mission. At
this time, the SSF n"orewlock" was incorporated into the design. An alternate
concept, creating an airlock volume by placing a bulkhead in the Hab-A module, was
also investigated but this option became quite massive when the 2.8 atmosphere
hyperbaric pressure requirement was met. The SSF "crewlock" was indicated as a
lower mass and lower cost solution, but still drove the estimated mass well above
25 t and a new target of 30 t was adopted.

At this point, major attention was directed to the external systems: power, thermal
control, communications, and resupply/operational provisions. Analysis of the power
system yielded some modest mass reductions in the gas storage systems. The
external thermal control system was analyzed in detail with attention to realistic
performance of thermal control coatings in the difficult daytime lunar environment.
Desirability of a heat-pumped thermal control radiator was confirmed. The SSF
Hab-A does not have an external communications system; that function is allocated
to a node in the SSF system. A communications schematic and an equipment list
were developed. An overall configuration design was developed, including
placement of the external equipment and the resupply hoist/elevator. The mass
statement was updated. Several trades around this updated baseline were in
progress or initiated upon completion of the baseline. The baseline evolution history

including mass trending is shown in figure 2-4.
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Figure 2-4. Boeing STCAEM Lunar Outpost Habitat, Concept Mass History

All of the mass estimates use a 15% contingency allowance on new equipment and
use the Space Station Freedom current allowance for SSF hardware. The SSF mass
contingency allowance varies from one hardware item to another depending on the
maturity of the mass estimate.

2.1.2 FLO Trades and Analyses

Trades and analyses are covered in detail in this report. Trades were divided into
those not involving significant changes to the general baseline configuration and those
that are major changes. High points of the more significant trades are covered here;
some have already been addressed.

Analysis of available internal volume indicated that the FLO is indeed austere but
probably acceptable given its premises. Storage volume was seen as adequate for food
and crew supplies, but possibly inadequate for equipment spares,

No requirements were available for mission/science internal storage volume. A very
modest amount is available in the one rack partially devoted to science equipment. The
major open issue on science storage seems to be whether there is a significant internal
~requirement, for (a) science equipment, (b) secience support equipment, or (c) samples
held for return to Earth.
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FLO EMUs present a significant issue. There is not space in the airlock for them.
The habitat designers presumed that EMUs would be brought by the crew and used by
them, e.g. for the transfer from the crew transport vehicle to the FLO at the beginning
of the mission. The crew vehicle designers, seeing a problem with the bulky EMUs,
presumed that they would be sent with the FLO and that the crew would use flight EMUs
(less bulky, worn by the crew during flight, suitable only for short EVA and not during the
heat of the lunar day) for the transfer.

The EMUs must be accommodated inside the FLO hab during the mission. Four
EMUs are assumed. Since the EMUs are not designed, their size and storage
requirements may only be estimated. It appears that the EMUs can be stored in the
space between the airlock and the interior sides of the hab module (there are no racks in
this location) but the space may not be sufficient. Additional space may be required by
EMU spares. Depending on the mission operations plans, it is possible fewer than four
lunar EMUs are needed, assuming the crew uses another "flight" EMU for the transfers
from the crew lander to the FLO and back. It is also possible that more than four are
needed. Also, space for storing the "flight" EMﬁs must be provided.

Logisties and resupply analyses addressed the issues of spares and consumables and
their handling. The storage volume in the FLO, and the mass target, permit initial
stocking with only ecritical spares (those for mission and safety critical subsystems).
Spares for electrical power, thermal control, communications, and ECLS are given higher
priority than those for mission functions and erew comfort.

The nominal resupply requirement was specified at 5 t. This is spartan, and includes
relatively little mission payload mass. It includes no allowance for a logisties module
and only a modest allowance for packaging. Of the 5 t, about 1.7 t must be brought into
the module interior, through the airlock. The FLO baseline is that all internal resupply
will be (a) packaged in suitcase-sized units with necessary environmental protection,
(b) transported from the crew lander to the FLO by the unpressurized rover (it is sized to
carry 500 kg per trip), (c¢) hoisted up to the airlock by the FLO hoist, and (d) manually
transported through the airlock by the crew. External supplies and equipment will be
suitably packaged for transport by rover and handling by the crew. Resupply fluids, for
example, are packaged on a cart towed by the rover and plugged into FLO umbilicals at
ground level.

Pressurized logistics modules were examined as an option. The smallest and lightest
option considered was a stripped and shortened version of the Alenia SSF mini~-PLM
fabricated from lightweight composites. This design uses about 1.8 t of the nominal 5 t
logistics cargo allowance; some of the more massive options used all of it.
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It was concluded that (a) the baseline method is adequate for a spartan FLO mission
operation but spares will tend to always be in short supply because of the delivery mass
limits; (b) a logistics module creates a severe mass penalty for the crew mission; and
(c) a dedicated logistics eargo flight, placed somewhere in the first five lunar crew/cargo
trips, and using a large logistics module, is a logical first step in growth of FLO to a
permanent base, and relieves the chronic resupply shortage that exists without it.

Internal pressure was a major trade. The Space Station Freedom system and
equipment is designed for one atmosphere operation with the capability to operate at
10.2 psia which is the planned man-tended operational pressure. Crew systems engineers
for FLO desire to operate at lower than one atmosphere pressure because (a) the
pressure differential between the EVA EMU and the FLO habitat module must be limited
to avoid long prebreathe periods and to minimize risk of aeroembolism (the "bends");
(b) EMUs and especially gloves are limited in mobility at higher pressures. Current
EMUs operate at about 5 psia; it isn't likely that lunar EMU weight and mobility
objectives at higher pressure can be achieved. If the EMU is to operate at 5 psia, the
FLO must be at 8 psia to attain zero prebreathe. At 10.2 psia the prebreathe
requirement is only a minor nuisance.

Reduced pressure requires higher oxygen concentration to maintain an oxygen
partial pressure similar to that at sea level. The Skylab, for example, operated at 5 psia
with 70% oxygen and 30% hydrogen. The shuttle operates at a slightly enriched oxygen
level when pressure is reduced to 10.2 psia.

Alternate materials of construction were evaluated, from aluminum-lithium to
metal-matrix composites. Structural mass savings estimates were about 10% for
aluminum-lithium up to about 30% for the most advanced materials. It was concluded
that aluminum-lithium is the most promising option since it can be applied with minimum
impact to the existing FLO hab design and tooling. If a major structural configuration
design change were contemplated (see next section) the use of more advanced materials
should be revisited.

Radiation analyses were conducted to estimate crew radiation dose inside the FLO
habitat. These used the Boeing CAD-based radiation exposure model to examine the
baseline geometry and some rearrangements that provide a "storm shelter" space within
the module. The FLO geometry provides reasonable shielding by the equipment rack
locations except at the ends of the module, where no racks are located. Radiation
analysis predicted that crew doses for the baseline configuration, in the event of a
severe solar flare, would approach or exceed anticipated standards for the mission, and
substantially exceed the working limit of 9 rem for preliminary design.

10
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Storm shelter configurations can be created by moving racks. For these analyses it
was assumed that the racks to be moved would be storage racks not requiring
disconnection of electrical or other feeds in order to be moved. Figure 2-5 illustrates
one storm shelter configuration. The storm shelter configurations reduced the predicted
dose to the preliminary design working limit.

Plan View Racks (24)
+X acks (2
Port 4

A :

Arrlock

Starboard standoff (4)

Figure 2-5. Lunar Habitat Radiation Assessment Configuration - Concept M

FLO Alternatives. Several major variations in the configuration were considered. A
list of desirable improvement goals was prepared, with subjects such as "closer to the
ground" or "more usable interior volume". Specific design approaches for meeting each
of these goals were developed. Two of these studies were very significant:

Offloading the FLO module would eliminate most of the vertical height between the
lunar surface and the airlock portal. A powered hoist might not be needed depending on
resupply considerations, and only a few stairs would be climbed from the lunar surface to
the airlock. Several offloading schemes have been proposed. In this study, a deployable
ramp was considered with powered wheels on the FLO module. This concept is
illustrated in figure 2-6. The ramp deploys after landing and the FLO module drives off
at very low speed. The powered wheel scheme solves the problem of moving the FLO to
a desired location after it gets down to the lunar surface. The powered wheels can be
designed to be removed from the FLO module and used elsewhere after offloading. The
mass of the wheels and the deployable ramp was estimated as about 2 t total. The
structure and provisions that could be removed for an offloaded FLO represent about 1 t.
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« Unloader ramp packages on the side of the lander descent stage

o Folded ramp sections self deploy on command from the ground

« Hab mobility system includes wheels, drive and suspension system
for each wheel, and minimal guidance. Hab power supplies
deployment and unloading systems

o Habitat unloads itseif by driving down ramp, and “creeping“ toa
pre-specified location

Mass Estimate
Ramp structure 600 kg
Deployment Mech 200 kg
Hab Mobility Sys. 1120 kg

Total 1920 kg

Figure 2-6. FLO Hab Unloader Option 1 ACS079

An alternate habitat configuration was the principal effort under alternatives
trades. The objective of the alternative habitat configuration was to increase the usable
interior volume without an increase in structural mass. The approach was to examine
geometries that made more efficient use of internal volume and that are structurally
more efficient. The prime candidate is an ellipsoidal configuration illustrated in
figure 2-7. It was assumed that subsystems would be the same as for the cylindrieal
habitat design, i.e. no changes except those required because of installation differences.

The ellipsoid is the nearest practical approach to a sphere. With a diameter of 6.5
meters, it has the same internal volume as the SSF-derived cylindrical habitat. It gains
useful internal volume since the airlock can be placed entirely external to the habitat
volume and still remains within the 10 meter launch shroud. The useful floor area is
16.6 square meters compared to 14.2 square meters for the cylindrical unit. The useful
working volume is 36.6 cubic meters compared to 34.0 cubic meters for the cylindrical
unit, in terms of volume per crew member, 9.15 versus 8.5. The ellipsoidal habitat
comes closer to satisfying a desirable working volume of 10 cubic meters per crew
member.

12
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Figure 2-7. FLO Ellipsoidal Habitat Option ACS081

The different internal arrangement and geometry means that the equipment/
subsystem support racks must be redesigned. Unlike the cylindrical habitat, more than
one rack design is needed for efficient use of the available volume. The ceiling and floor
racks must fit into pie-shaped areas while the wall racks fit into a doubly curved area
similar in shape to the cylinder walls (but the latter are not doubly curved). Also, the
redesign of rack/subsystem interconnections is a more complete redesign than required
for the eylindrical habitat.

No particular advantages were seen for this configuration in terms of packaging and
installation of external subsystems, or in offloading from the lander should that be
desired. It was estimated that the ellipsoidal habitat is 180 kg. less massive than the
cylindrical habitat assuming that savings in shell structure mass are not offset by
increases in secondary structure or rack mass.

The ellipsoidal habitat can readily be stretched to much greater useful interior
volume by adding a 6.5-m diameter cylindrical section to the structural shell, creating a
configuration with more than one floor or deck. The result is a habitat geometry similar
to concepts identified earlier in the STCAEM study for Mars transfer and surface mission
habitats. This gives the ellipsoidal design a somewhat more direct growth path to larger
habitats for later missions.
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The evaluation of the ellipsoidal habitat is that it offers modest improvements in
interior volume and floor area; it offers a more direct growth path to larger habitats for
later missions; but because of the substantial redesign compared to use of the Space
Station Freedom habitat module structure, the cost of the first FLO habitat module will
be about twice that for the SSF-derived module. In terms of the cost of the entire FLO
habitat system including external subsystems and logistics/resupply provisions, the cost
with the ellipsoidal habitat module is about 20% greater, assuming costs other than those
for the habitat module do not change significantly. Evaluated in terms of the FLO
mission itself, the ellipsoidal habitat advantages appear not worth the added cost. In
terms of a long-term evolutionary program, the ellipsoidal design may be justifiable, but
it is really a question of when the redesign costs are incurred; that is, the initial FLO
could proceed with an SSF-derived module and the redesign costs incurred for a second
or later habitat module.

Avionics Commonality. An analysis was undertaken to assess the commonality
potential for avionics, considering lunar transfer vehicles, erew modules, the FLO
habitat, potential future launch vehicles, and Space Station Freedom. It is apparent that
high commonality potential exists between Space Station Freedom and the FLO habitat.
It is almost as apparent that commonality potential exists between lunar transfer and
launch systems. We found that significant broader commonality potential also exists, i.e.
between crew modules, habitats and transportation systems. There are significant
differences in the need for and implementation of redundancy because transportation
vehicles and modules need instantaneous switchover to functional systems in the event of
a failure during a critical operation, where habitation systems do not. There is also a
potential issue of processing power and speed, depending on the particular needs of a
transportation system. Important commonality potential in software also exists with use
of object-oriented reusable code, but current space industry practices don't offer much

encouragement in this area.

2.2 MARS TRANSPORTATION CARRY-OVER TASKS
2.2.1 Launch Vehicle Size Trade

Launch vehicle capabilities from about 125 t to over 200 t were investigated.
Shroud diameter of 10 meters is adequate for the smaller size, and 14 m. is
recommended for the larger size. We did not find significant differences in assembly
complexity over this range of launch vehicle capability. The larger vehicles require
fewer launches, mainly fewer tanks of propellant, and hence fewer berthing operations.
The nature of the operations, however, does not change over this range of launcher
capability; in all cases rendezvous and simple berthing is all that is required. These
operations can be robotic; an assembly crew in orbit appears not necessary.
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This section also includes material on assembly operations and delta-V budgets. An
important conclusion from assembly operations is that if the vehicle is designed for
assembly, a simple robotic assembly operation is adequate. A simple assembly fixture
launched attached to the vehicle segment on the first launch is all that is needed; an
assembly facility in the usual sense can be eliminated by proper design of the vehicle.

The assembly operations are simpler than those planned for Space Station Freedom.

2.2.2 Lunar Dress Rehearsal Analysis

This section reports on a study of a full dress rehearsal for a Mars mission at the
Moon, including nuclear propulsion operations, long-duration orbital storage of a Mars
transfer habitat, landing, a long-duration surface mission, ascent and return to Earth.
The rehearsal could be implemented using Mars mission hardware and launch vehicles.
The only unique element needed is a lunar lander, and the lunar lander used for the lunar

program appears to suffice.

2.2.3 MEYV Options

This section reports on two MEV analyses, intended to complete a survey and
analysis of MEV concepts, requirements, and operational factors. The STCAEM study
had addressed a range of MEV options from L/D 0.2 to L/D nearly 2, and aerobrake
designs from a rigid-section deployable symmetric sphere-cone to slender blended lifting
bodies and biconics. This section reports on a parametric study of biconic shapes,
aerodynamics and packaging and on a structural analysis of a blunt L/D 0.5 shape. The
biconic analysis concluded that an acceptable biconic configuration is feasible, with L/D
about 1.6 and base diameter small enough for integral launch as the "nose cone" of a
heavy lift vehicle. This permits integral launch of an MEV designed for high L/D access
to nearly anywhere on the surface of Mars.

The structural analysis concluded a study of structural concepts to simplify
assembly and packaging of blunt shaped brakes. Earlier concepts had used structural ribs
and spars for stiffening. These concepts did not divide up into easily packaged segments
for launch. The structure investigated here was a monocoque shell with no discrete
stiffeners; it could be divided into segments to optimize launch packaging. The
structural analysis concluded that the monocoque structure could be very efficient; this
provides a reasonable structural solution to the design of a shaped brake for efficient

launch packaging and assembly on orbit.
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3.0 FIRST LUNAR OUTPOST HABITATION SYSTEM INTEGRATED BASELINE

3.1 INTRODUCTION TO FLO HABITATION STUDY

The current study has focused on defining and exploring issues and concepts for the
First Lunar Outpost. Specifically, our involvement has been to apply data and
experience gained from previous and on-going activities, such as the Lunar Campsite
study (ref. 3) and Space Station Freedom (SSF) (refs. 4 to 7), to the development of
Outpost Habitation and Airlock system configurations and resource descriptions. The
Campsite approach is intended to provide the first significant manned lunar access and
capability beyond Apollo-style sorties and to serve either in & remote stand-alone mode
or as precursor to a more permanent base. FLO is also based on this philosophy but has
afforded a more detailed examination of the concept and each of its systems. The
methodology and current results of this initial activity will be discussed.

3.2 TOP LEVEL REQUIREMENTS

Basic ground rules for developing the FLO concept have included: (1) support of
multiple, non-contiguous manned missions, each involving a one-and-a-half lunar day
duration with 72 hours contingency time (for a total of 45 earth-days); (2) FLO should
consist of existing or near-term systems to the extent practicable; (3) a total landed
cargo mass of 25 mt is desirable (dependent upon matching payload capability with the
crew vehicle); (4) FLO must support a crew of four; (5) launch of FLO elements will use
a 220-mt Earth-to-Orbit (ETO) vehicle with a 10m x 30m payload shroud; (6) habitation
system will arrive unmanned and deploy/activate automatically with crew arriving
separately in & common lander (which includes ascent and return stage); and, (7) growth
should not be precluded. More detailed ground rules have been included in the "First
Lunar Outpost Requirements and Guidelines" document, reference 8. Requirements
development effort has been on-going and is discussed later in this report.

3.3 DESIGN APPROACH

The First Lunar Outpost applies a ncampsite" philosophy based on a direct mission
mode for human return to the Moon. Mission capability and architecture employing this
approach were first integrated in Phase | of this contract (ref. 1). Initial configurations
and concepts for the Lunar Campsite habitat and landers were developed under Boeing
IRAD in 1990. From these early feasibility studies, a dedicated Lunar Campsite effort
was conducted during Phase 2 (ref. 2) which better defined the integrated vehicles
necessary to conduct these types of missions. Early in 1992, the NASA Office of
Exploration adopted this approach as a working baseline for return to the Moon as the
First Lunar Outpost. Development of the FLO habitation system integrated baseline
began under Technical Directive 11 (TD11) which examined a number of different
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habitat/airlock configurations, studied deviations, modifications, and improvements
necessary to utilize SSF elements and systems, and conducted more detailed trades and
concepts for Flectrical Power, Heat Rejection, and Environmental Control Life Support
Systems, (ref. 9). The FLO Habitat heritage for TD11 is illustrated in figure 3-1.
Modifications were necessary to provide FLO functions different from or beyond that of
SSF Hab-A; improvements contained in the baseline as well as in the delta (3) options
were made to better match the FLO concept to the lunar environment and/or to the
campsite requirements. At the end of this portion of the study (TD11), Configuration
"A" which used the STS airlock was recommended as a promising concept for meeting
FLO objectives, ineluding the 25 mt constraint.

SSFHABA Lunar Outpost Concepts based on

existing/near-term data and systems as
well as findings from Lunar Campsite
study Concepts A, D and G represent
airlock vanations, and deitas indicate
deletions and  modifications 10
standard SSF hardware

Lunar Campsite
Concepts Lynar Outpost
1990-1991 Concepts
1992
A"
STS airlock
initial Defimition *
1990 a1
“Minimum-Sized” Campsite
Feb 1991
Baseline Campsite Configuration
May 1991 a2
“G”
ikhead

TD1101

Figure 3-1. Outpost Habitat Methodology

The activities performed under the next portion of this study (TD13) were focused
on developing an integrated baseline concept for the FLO habitation system, on
conducting trades and analyses for numerous hardware/éystem/element alternatives, and
on deriving requirements through more formal functional flow analyses. As shown in
figure 3-2, the TD13 baseline sought an integrated configuration to accommodate the
SSF module, SSF Crewlock, internal and external systems, as well as access and logisties
operations. This current habitat/airlock combination was selected pased upon mission
requirements, including desire for hyperbarics capability and significant use of SSF
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hardware and systems. Once the baseline had been well defined, trades and analyses
were identified with the main objective of reducing weight, whieh has resulted in
candidate alternatives even to module configuration and materials. The results of these
efforts may now support the classical functional flows to identify a set of derived
requirements to meet mission goals. Discussions expanding each of these three study
areas are addressed in this report.

SSFHAB A SSF Airlock System
e p———— The STCAEM FLO Integrated Baseline
. s G - Habitation System represents a consistent,
traceabie concept th rough development
and refinement of estimates based on

existing and calcuiate data/systems

. v ol BT

FLO integrated Baseline Habitation System

TD 11 Configurations

FPETEE R R T I
o tm(coo
‘ SSF Crewlock — O
rrere =

A2

Requirements Development

External and Internat Systems Definition

External Systems Operations/Logistics Analyses

Trade Studies

Communications F

&%} ga.uumg

Power Thermal Control

Alternative Candidates

Figure 3-2. STCAEM TD 13 FLO Habitat Heritage

ACS036

3.4 HISTORY OF FLO HABITATION SYSTEM INTEGRATED BASELINE

The integrated baseline has been developed to provide a traceable, internally
consistent concept for the First Lunar Outpost Habitation System which will provide
preliminary resource estimates, a basis for alternative trades and analyses, a scenario
for operations studies, and a framework of configurations, issues, and requirements for
more detailed design. As discussed previously under Design Approach, the integrated
baseline applies previous strategies to the selected module/airlock combination (SSF
Hab-A with SSF Crewlock) while improving the definition of al] internal and external
systems. The current work has afforded continued and maturing habitation concept
definition in support of the overall FLO activity.
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3.5 HABITAT CONFIGURATION

The First Lunar Outpost Habitat has been closely based on SSF Hab-A architecture,
SSF systems, and SSF mass and power data. However, the needs of FLO require three
hab functions in addition to those provided by the standard SSF Hab-A: (1) support of
airlock operations and EVA systems; (2) internal science capabilities; and, (3) crew
health care and monitoring. Accommodation of these additional functions in conjunction
with perceived redundancy and operations needs, requires changes to the topology and
system selection for the FLO habitat module. The FLO habitation system concept
represents a coordinated compilation of functions and configurations which are currently
recognized as necessary to conduct a manned lunar mission; as a result, SSF and other
existing/near-term hardware and technology have been applied to this concept in order
to produce performance, operations, and resource profiles. This has been done assuming
that these systems and elements will be available and sufficient for the FLO program to
reduce schedule and DDT&E costs; however, more detailed studies are needed to
ultimately determine the requirements and capability for the First Lunar Outpost

3.6 PRELIMINARY CONCEPTS FOR FIRST LUNAR OUTPOST

During the performance of this study, it became clear that the airlock is a major
driver in the Outpost concept; moreover, airlock design appears to depend upon four
basic requirements: (1) hyperbaric capabilities and associated needs, (2) size of Lunar
Replaceable Unit (LRU) to be passed through the airlock, (3) number of crewmembers to
be cycled through at one time, and (4) hatch and interior dimensions necessary to allow
crewmembers to pass through the airlock. Hyperbaric treatment is preferred for
decompression sickness and other disorders which may occur during EVA or other space
activities. Although its need and appropriateness for the Outpost remains uncertain,
hyperbaric operations have potential of greatly increasing size, mass, and complexity of
both the airlock and the habitat (ref. 10). These impacts ineclude: (1) airlock structure
will, in part, depend upon internal pressure (recommended hyperbaric pressure is
2.8 atmospheres absolute or 2.8 times 14.7 psia irrespective of EVA suit or lunar module
pressure and volume (SSF requirements state that the patient must be horizontal and
attended by a crew medical officer who has access to three sides of the patient); (2)
internal airlock systems must support extended shirt-sleeve operations (hyperbaric
treatment may last as long as 72 hours); (3) additional make-up gases, monitoring and
control equipment, ete., must be included to support hyperbaries; and (4) medical
equipment must be included within the airlock to monitor, diagnose, and respond to the
patient's condition. The other three basic airlock requirements mainly impact internal
volume needs, which consequently lead to sizing make-up gas quantities, depress pump
size and power, and operational procedures.
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In response to these concerns, numerous options for the FLO habitat/airlock
combination were initially examined. Several configuration options which utilize a
Shuttle airlock (Schemes A, B and C), a SSF Crewlock (Schemes D and E), or an internal
bulkhead which separates a portion of the habitat module to be used as an airlock
(Schemes F and G) are shown in figure 3-3. Accompanying each of these airlock element
options are the Extravehicular Activity (EVA) systems which facilitate both EVA and
airlock operations. EVAS include suit processing and maintenance, depressurization
pumps, controls and stowage which have been burdened upon the hab module for the
concepts explored in this study. SSF system mass and power data have been used to
estimate EVAS for all habitat/airlock configurations.

ST airlock SSF crewlock
airloc
bulkhead
¢Scheme A 380° Scheme D 393 7%
’ ‘7 >
Scheme 8 Scheme G Scheme €
323.8"
— STS airlock .= — bulkhead

- 3238 > SSF crewlock /

Scheme C Scheme F 01102

Figure 3-3. Lunar Hab Airlock Configuration Options

A qualitative study was performed to identify advantages and disadvantages
associated with each of the above airlock options. These assessments identified the STS
airlock, mounted externally to the endcone of the habitat module via a simple adaptor,
as potentially the least impact solution and was thus chosen for further evaluation along
with using either the SSF Crewlock or the integral bulkhead airlock. For this study, only
options which seemed to require minimal changes to the preliminary best SSF module
have been ineluded; thus, Configurations A, D and G were chosen as the preliminary but
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representative set of habitat/airlock combinations. Each airlock concept's effect on the
habitat internal systems, internal volume, structure, power/thermal systems as well as
crew egress/ingress capabilities were analyzed. Also, both hyperbaric and nonhyperbaric
capabilities were assumed and examined for Configurations D and G. The qualitative
comparison for these three configurations is given in figure 3-4. The goal at this stage
of the study was to settle upon a reasonable baseline which could be studied in-depth; in
parallel, alternatives to this set were also examined, some of which departed greatly

from the reference.

« Notcapable of meeting hyperbaric requirements
Provides minimum volume airlock, reducing depress
power requirements
« Adequatesize for two suited astronauts, vertical onientation
. Designed for microgravity 0ps. making egress/ingress difficuit
in lunar gravity
10m « Minimizesimpacton endcone utilities
- — o Airtock/EVAsuit support equipment located in habitat

“A” STS airtock Nonhyperbaric
only

Designed for hyperbaric use
h AwlocklEVfA support equipment located 1n habitat
Designed tor usen microgravity
~D" SSF crewlock :gg:rbae':;::f Geometry and orientation not optimal for lunar gravity
yP Intruding airlock volume may reduce or eliminate access t0 four

|/ internal racks

« Requiresendcone modification, impacts utihities
- 10m

- .

« Allows airlock/EVA equipment to be colocated in airiock; may
improve dust management
« Eliminates addition of separate structural element
internal bulkhead attached at existing girth ning provides
ﬂ Hypﬁrbanc and structural mass competitive with STS airlock {(nonhyperbaric
nonhyperbaric versions only)
\ . Added complexity dueto standoff utility penetration of
g2m bulkhead and structure and equipment cycling
- - - . Mayehminate four internal rack locations 101103

*G" bulkhead

Figure 3-4. Lunar Outpost Configuration Airlock Alternatives and Assessment

Based upon Configuration A, an initial Outpost was developed using the module,
architecture, and internal systems from SSF Hab-A, an airlock from the Space Shuttle
Orbiter, and external utilities based on near-term technologies. Although each of the
configurations proposed significant changes at the rack (and, as discussed later, at the
subsystem) level, heritage has been maintained to SSF in the following ways: (1) the
Outpost module structure is assumed identical to SSF Hab-A (see a more detailed
discussion of structures in section 3.10); (2) relative arrangement of internal systems are
preserved, especially with regard to ECLSS (see section 3.6.5); (3) overall architecture as
well as technologies of the Outpost habitat are based on SSF Hab-A; and (4) most of the
mass and power estimates are derived or taken directly from SSF data (thus, SSF internal

systems have been assumed). Although this heritage allows concepts to be defined which
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are traceable and as complete as possible, it must be recognized that future efforts will
necessarily go to greater detail as a fully integrated and coherent concept is developed.
For example, SSF Hab-A values for utilities in the standoffs and endcones have been
assumed but will require changes as Outpost packaging needs are clarified; likewise, a
unique and comprehensive redundancy scheme has yet to be applied to the FLO.
However, it would be prudent to perform substantial requirement, mission analyses,
design trades and alternative feasibility studies to define the context of the Outpost
before one particular configuration concept is exhaustively detailed.

Configurations D and G substitute their respective airlock candidates but maintain
the same basic habitat and external utilities as described for Configuration A.
Significant differences between these options, include: (1) Configurations D and G
potentially impact four internal rack locations and volumes. The SSF Crewlock of D
must be embedded approximately 1.2 meters in the habitat module to fit within the 10-
meter launch payload shroud envelope; thus, the bay of four racks (as well as standoff
and endcone equipment) located at that end of the module may be blocked from access
and made unuseable. Similarly, the placement of a bulkhead within the module might be
accommodated also by displacing a bay of four racks; however, the required shape of the
integral bulkhead has not been finalized. For this study, the bulkhead mass and size was
assumed to be the same as a SSF endcone; but, if the "airlock” portion of the habitat
module would be used as a "safe haven" (in case the remainder of the module had become
depressurized for any reason) or if hyperbaric capabilities were necessary, then the
bulkhead would need to contain pressure differentials from either side and the design
could be quite different from that assumed. In fact, a flat bulkhead might be used which
would reduce the impact to internal volume (but would be more massive); (2) the internal
bulkhead of Configuration G will also impact standoff utility runs as well as subject
equipment and hardware on the "airlock" side to pressure eycling not normally
encountered on Space Station Freedom. The significance of these concerns has not yet
been quantified; and (3) hyperbaric operations (for which SSF Crewlock is designed and to
which Configuration G could be modified) will require at least one dedicated hyperbaric
support rack within the habitat module (which must displace some existing rack);
likewise, additional utilities and medical support will be required within the airlock
itself. This study also examined the system changes required by hyperbaries for both

Configurations D and G.
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3.6.1 Delta One (1) Changes

As discussed above, SSF Hab-A was chosen as the reference for the FLO habitat
module; however, changes were made to the topology and accommodations in accordance
with the different and additional functions to be performed by the FLO hab. Changes
within habitat subsystem (identified as "Deltas" in this study) were also defined and
applied to all three configurations (A, D, and G), with the goal of improving the FLO
concept through the addition, deletion, or modification of reference systems or
equipment in accordance with the Outpost environment and mission. This current study
has concentrated mainly upon the latter two of the three means of improvement in
attempts to meet the original 25-mt mass "characteristic"; however, these changes have
continued allegiance to the reference approach and have not yet proposed major
deviations from SSF or near-term technologies.

Delta One (A1) changes involved the removal or reduction of unnecessary and self-
contained items from SSF Hab-A systems. Delta One suggests changes in six
habitat/airlock areas: (1) Structures/Mechanisms. Proposed here is the removal of one
of the module hatches as the airlock hateh sho'uld suffice at that end; also, because the
habitat is located on the lunar surface (and on top of the lander in LEO), the lower half
of the micro-meteoroid debris shielding has been removed; (2) Life Support. Obsolete or
unneeded items include out-of-date information (contained in ref. 4) as well as SSF
connections between modules; (3) Crew Systems. Due to the mission's relative shortness
compared to the SSF tour of duty and the premium being put on habitat overall mass
reduction, only the minimum required crew accommodations would be included; thus, the
convection oven and Personal Hygiene Compartment (changing room and vanity) were
deleted; (4) Power and Heat Rejection. These systems were changed in accordance with
the new resource requirements resulting from other system changes; and (5) Airlock
Systems. The SSF EVA toolbox is sized for requirements beyond that currently identified

for the Lunar Outpost and was reduced to 15% of the tool mass.

3.6.2 Delta Two (A2) Changes

Delta Two modifications were made to SSF hardware because of known lunar
outpost requirements or due to the lunar environment. This second set of changes
correspond to four habitat/airlock areas: (1) Structures. In accordance with the details
given in section 3.10, rack structural mass was reduced by approximately 30% through
the elimination of STS-specific launch "pseudo-forcing" functions; (2) Life Support. The
lunar gravity environment may allow removal of system complexities added to SSF due
to the weightlessness of Low Earth Orbit (LEO); replacement systems have not yet been
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estimated; (3) Power. Further possible power system reductions were studied , including
re-electrolyzing fuel cell reactants over the number of lunar days between manned visits
(which adds complexity but does not seem to significantly reduce mass); and (4) Airlock
Systems. Further reductions were proposed in EVA tool mass.

3.6.3 Delta Three (A3) Changes
Delta Three changes were suggested as candidate major departures from SSF

hardware, systems, operations, and/or current outpost scenarios. Some of these proposed
modifications included optimizing the module structural design, examining 14-day and
30-day manned missions, studying alternatives to housing systems within racks (the
purpose and utility of racks in the First Lunar Outpost should be examined), assessing
new or exotic power generation options, modifying or developing new airlock designs, and
incorporating solutions to address operational concerns such as loading/unloading, dust
removal, system deployment and safing. Most of the Delta Three options were examined
as part of the parallel alternative configuration task (see discussions later in this report).

One other investigation was conducted to determine what mass savings, if any, could
be gained from substituting the standard SSF endcone structure, which is designed to
withstand STS docking loads, with a specialized end "dome", that would also act as an
airlock adaptor. This work was done under the assumption that the airlock is being
supported by the lander structure, and is not cantilevered off the Hab. Results of this
cursory study indicate a potential savings of a few hundred kilograms but have not been
incorporated into any of the options offered by this study.

3.6.4 Development of Integrated Baseline

The initial work (TD11) performed on Configurations A, D, and G as well as the
Delta modifications provided valuable data necessary to the development of an
integrated concept. The strong desire for hyperbaric capability made the STS airlock
unusable; thus, formal work under TD13 began with a short, focused trade study on the
choice of hyperbarie airlock and its attachment to the habitat module. Under
consideration were the SSF Crewlock or a new design, either of which would be located
on the module cylinder or endcone. Due to maturity of the SSF Crewlock and the lesser
impacts of mounting it onto the habitat endcone, this configuration (formerly called "D")
was chosen as the baseline to be studied. Reservations which continue with this
selection include: (1) the Crewlock is not designed for the lunar environment (less-than-
optimal internal height, dust, thermal, and radiation concerns, ete.); (2) changes to the
module endcone; and, (3) loss of four standard rack locations to accommodate the
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Crewlock within a 10 meter ETO shroud. In answer to these concerns, first, all of the
systems and elements proposed for FLO will require some design changes to survive the
lunar environment; at some point, the ultimate extent of these changes could be traded
against "all-new, lunar-optimized" designs. Second, initial estimates have shown that
enlarging the opening in the flat portion of the module endecone should allow placement
of the Crewlock without affecting the basic endcone shape and without significantly
reducing external or internal endcone packaging volumes and schemes; however, access
to these areas, "feed throughs" to and from the Crewloek, and load requirements must
still be considered. Third, alternatives to losing four internal racks were examined
(including, moving the entire complement of racks aft, enlarging the payload shroud, and
assuming deeper "pockets" within the 10 meter shroud); however, the assumption of an
unnegotiable 10 meter dimension along with the need for cylinder, endcone, and adjacent
rack access as well as the possible requirement for external viewing dictated a removal
of the forward bay of four racks.

The choice of which four racks to remove is eased somewhat by a change in the
Avionies Air System; namely, this change redesigns Avionics Air from a centralized to a
distributed system. In so doing, this change also deletes the need for both Avionies Air
Crossover Racks (which is assumed to account for 2 of the 4 racks to be removed). In
accordance with NASA's emphasis on external lunar science with minimal internal
capabilities, the other two rack deletions were realized by reducing internal science
from (the TD11 number of) three dedicated racks to just one. This remaining science
rack has been based upon the SSF Lab-A Maintenance Workstation (MWS) which would
allow characterization studies, suit maintenance, ete. but would not strictly be an
experiment rack. Additional stowage or equipment volume could still be available in the
"ost" ceiling and floor locations (in addition, loose storage or EVA suits could be placed
in front of the windows) as shown in the internal volume assessment discussed later in
this report. Other aspects of internal configuration and systems selection are included in

the next section.

3.6.5 Internal Systems Location For Integrated Baseline

Given the need to accommodate different functions within the module as discussed
above, the internal configuration and system complement shown in figures 3-5 and 3-6
were developed specifically for the FLO integrated baseline with the goal to provide
these capabilities and yet maintain substantial heritage to the SSF Hab-A architecture
and design. The internal outfitting for a habitation module must observe numerous
requirements in order to provide an operational and ergonomic vehicle. FLO will share
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many of these constraints with SSF; for example, system layouts must obey adjacency
requirements (both functional and physical), packaging limitations, access requirements,
contingency needs and procedures, etc. The operating environment of FLO will also
dictate additional constraints, including gravity, radiation, dust, and thermal concerns.
Some of these considerations are discussed below and will ultimately be reflected in each
of the internal systems which, due to both inter- and intradependencies, cascade into
overall lunar habitation design.

Ops/support

stowage
SPCU/ SD‘I\':S'}“ grcéssover
EVA abin air
stowage CHeCS syc;'r‘;nsi. Science TCS

&> Y
] Flexible Dust Barrier
l P .

SPCU/ H . Waste Crossover
airtock bzﬁ:r all Mgmt. |Cabinarr
control | ppore | Galtey Comp. |TCS

RoPOLe

ACS0Y4

Figure 3-5. First Lunar Outpost Habitat, Plan View

Although the Outpost configuration does arrange the ECLSS tier, Crossovers, and
Waste Management Compartment in the same relative position as they exist for SSF
Hab-A, a major change is made by locating ECLSS operating equipment in the ceiling
instead of the "floor" (as in SSF). This modification is suggested for several reasons:
(1) lunar dust is certain to enter the module irrespective of any dust-off scheme; thus, it
is deemed reasonable to avoid placing operating equipment in the floor (therefore, only
unpowered stowage is placed there); (2) solar and galactic radiation bombards the lunar
surface with essentially no attenuation (except by the Moon itself); thus, placing massive
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Figure 3-6. FirstLunar Outpost Habitat, Section View

equipment and especially water in the ceiling provides substantial benefit. However, in
order to preserve the SSF ECLS system arrangement, water storage is no longer directly
over the proposed storm shelter location (this and other changes will be discussed later in
this section); (3) placement of non-ECLSS powered racks only on the walls is hoped to
simplify standoff utility runs and services; and (4) maintaining SSF Hab-A relative
positions for this equipment is hoped to reduce cost and design impacts (for example, the
highly corrosive urine line from WMC to ECLSS processing is kept at its nominal length).
However, this change also results in several potential impacts: (1) pumping of water and
other fluids up to the ceiling is now required and may not be within the capabilities of
currently designed SSF hardware; (2) simplifying utility services may require wall racks
to interface with the standoffs at the top of the rack instead of at the bottom (which is
potentially a substantial change to both internal rack packaging and rack pivoting design
put may be advantageous with regard to dust mitigation, avoiding interference with the
floor and crew activity, ete.); (3) ECLSS racks may need to interface both at the top and
the bottom in order to feed and be fed from both adjacent standoffs (if this proves
beneficial); and, (4) it is assumed but not known that the distributed Avionies Air
Subsystem will not preclude packaging each funectional rack as shown (better data on this
subsystem are still forthcoming). Another change from the SSF Hab-A ECLS system is
expansion of the second ARS rack to include redundant CO?2 Removal and Mass
Constituent Analyzer assemblies (making these life critical functions one-failure
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tolerant) which are assumed to fit in this rack in place of the SSF laundry facility. Also,
as described in reference 9, ECLSS water storage is reduced by half to better reflect
Outpost needs; thus, the Fluid System Servicer (FSS) is assumed to be able to share this
rack. ECLSS also includes make-up and emergency gas tanks which require
accommodation external to the module.

Several system racks have been located in an attempt to satisfy adjacency
requirements. EVA and airlock support racks (SPCUs, EVA Stowage, Depress Pump) are
placed nearest the airlock (whieh, in conjunction with some type of flexible dust barrier
like a zippered plastic curtain, will hopefully also serve to minimize dust transport
throughout the module). As mentioned earlier, windows are placed in the vacated
forward positions to assist in visual inspection and monitoring (actual visual requirements
and analyses have yet to be identified). Also, the Hyperbaric Support, Crew Health Care
System (CHeCS), and CHeCS Stowage racks are located near the airlock (an alternative
may be to switch the Science rack, envisioned to be like a SSF Maintenance Work Station
(MWS), and CHeCS rack locations to assist in suit maintenance activities). The
Science/DMS/Comm Workstation is a shared resource comprised of central computing
and crew interface hardware; this rack is located between the CHeCS and Secience racks
to support both life science and selenology activities (a concern may be that the
workstation also provides IVA monitoring of EVA activities and may desire a location
nearer a window or away from other internal activities). As previously discussed, the
WMC and both Crossover racks are positioned as they are in SSF Hab-A, which locates
the Galley rack as shown. Placing this rack next to the WMC does not result in an ideal
solution, but this concern is not overcome with the current module volume. Another less
than optimal arrangement is the location of Galley Stowage in the floor (close to the
galley for convenience). These two racks will house most of the food and meal
preparation equipment which will be frequently accessed. Another use for this food
would be as a radiation attenuator during large natural radiation events; however, due to
the presence of the Moon itself, protection is mainly needed on the module sides and
ceiling. Thus, in forming the in-situ storm shelter, this food must be relocated from the
floor as discussed later. Critical ORUs, located at the aft end, consist of equipment
Spares and emergency provisions (eritical spares philosophy and needs remain
unidentified; however, estimates based on SSF are included elsewhere in this report while
the baseline ORU mass and volume allowance is meant as a placeholder only). Since the
second hatch is normally not used, Operations Support equipment (housekeeping supplies,
cameras, etc.) are stored in this empty hatchway. Other storage space may be available
in the vacated sub-floor and ceiling in front of the airlock; also, some loose storage (to
accommodate EVA suits, for example) may be possible on the floor in this area.
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As discussed above, the forward bay of four racks were removed mainly to prevent
access violations. Several other access issues exist both internal and external to the
FLO hab: (1) even in the lunar gravity environment, some type of device(s) will be
required to assist in lowering, raising, and/or moving racks to perform maintenance,
arrange storm shelters, gain access to the module shell, changeout equipment, etc.
(2) full access to the embedded Crewlock shell may still not be possible; (3) airlock
pass-through of crew and equipment requires further study to identify volume, hatch,
operations, etc. concerns; (4) access-to the external endecone opposite the airlock will
be difficult but may be necessary for equipment located there due to redundancy and
separation requirements, offloading from the forward endcone, functional constraints
(such as short external water lines), ete.; (5) likewise, access to much of the external
equipment, including power generation and thermal control systems, must be possible but
remains a challenge; and, (6) access to the surface in addition to airlock egress/ingress,
dust removal, and resupply operations may require powered hoists/lifts, large platforms,
etc. which result from the Operations/Logistics study discussed elsewhere in this report.
This aspect of the hab system design is discussed below as part of the external
configuration and will ultimately be driven by the requirements yet to be identified for
the First Lunar Outpost.

Another consideration of the FLO habitation system which will help dictate its
configuration is radiation protection. Although normal solar activity and cosmic
radiation is not currently expected to be a significant crew hazard for short duration
stay-times, the possibility of anomalously large solar proton events (ALSPEs or "solar
storms") is a very real concern for all lunar missions. Our approach to deal with these
events is to "build" a "storm shelter" as needed using available Outpost mass for
shielding. This available mass consists of racks which may be relocated, external
equipment which may be strategically pre-placed or possibly even moved upon initial
storm warnings, and/or, if necessary, use of dedicated mass to provide additional
protection where needed. Due to high lunar transportation costs, it is desirable to
minimize the amount of dedicated shielding required and current preliminary analyses
have shown dosage to be below assumed limits using inherent habitat mass only (see
section 5.0). The storm shelter must provide living volume capable of supporting
4 people for 3 days (during the most intense period of the ALSPE); for current study
purposes, we have assu med this shelter will be formed around rack bays three and four by
closing off the aisle with storage racks from the floor and aft hatchway. This volume
provides approximately 8 cubic meters and is situated where the Galley, CHeCS, and

control workstation are nominally located. Food and galley equipment would be used to
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"close off™ one half of one aisle; the other aisle would be closed using Critical ORUs and
Ops Stowage. This arrangement would place the Waste Management Compartment
outside of the shelter; however, this is a less massive rack which would not provide
significant protection and personal hygiene may be accomplished for these three days by
means similar to that used during Earth-to-Moon transport. One concern is raised in how
much food will be used during this time and possibly reducing protection afforded by its
presence (one mitigation scheme proposes to replenish this "wall" with wastes). An
updated radiation analysis to assess the environment corresponding to this new layout is
included later in this report and provides some insight when compared to previous
analyses, reference 9 (for example, how much the missing forward bay of racks affects
crew dose). External configuration will also balance radiation protection with other
concerns; thus, the location of power fuel cell reactants, ECLSS gas tanks, and other
equipment will be a trade off between access, launch constraints, thermal
considerations, and other factors including their possible use as radiation shielding.

3.7 EXTERNAL CONFIGURATION FOR INTEGRATED BASELINE
In addition to the module and its internal systems, the FLO integrated baseline

ineludes the external equipment and accommodations necessary to support the habitat
and its crew. These external systems include power generation, storage, and
distribution, thermal control, communications, ECLSS gas storage and management, and
EVA support. While many of these systems could share hardware and operational burdens
with the FLO lander, study assumptions have sized this concept for habitat needs only,
As discussed above and as illustrated in figure 3-7 , external systems are very much
related to the module and its systems as well as to each other; thus, configuration and
selection of external systems must consider many of the same factors posed for internal
systems.

3.7.1 Integration of External Systems to Hab Module
The habitat, its subsystems and supporting structure are treated as an integrated

payload to be attached to the lander at several points. The habitat's external subsystems
are integrated into a framework of vertical trusses and diagonal cross-bracing that
extend from the base of the hab to the bottom of the radiator panel support structure,
which support individual tanks, fuel cells, and other equipment, and transfer loads to the
habitat support structure figure 3-8. This also has the benefit of minimizing any
modifications to the lander, so that it it can function as a common lander stage for crew
delivery, or for future cargo missions in support of lunar base buildup.
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3.7.2 External Systems Location

The location of power and life support systems on the exterior of the lunar habitat is
effected primarily by the limitations imposed by the launeh shroud diameter of
10 meters. Equipment and storage tanks have been located on either side of the habitat,
mounted in vertical frames that allow partial EVA access around the sides of the
habitat, and also provide partial coverage of the habitat structure for radiation
protection. Power system fuel, liquid hydrogen and oxygen, is located in a series of
spherical tanks, split evenly on each side of the habitat. Fuel cells, electrolyzers and
solar array structures are also split into two separate units, and located on either side of
the hab. ECLS supplies, repress gasses and EVA sublimator water, are also divided
evenly, and located on either side of the hab structure, figure 3-9.
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Fuel cells and electrolyzer
H,0
/1: High pressure RFC tank

T 1 Catwalk and railing

INAE

A~ .

Lander structure
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Elevation Plan View

Figure 3-9. First Lunar Outpost Configuration ACS017

3.7.3 External Access

During normal outpost operations, astronaut access to eritical areas of the habitat
for inspection, maintenance, and repair will be required. Access to fuel cells,
electrolyzer, solar array deployment mechanisms and valving is achieved by placing a
catwalk type of platform around the front and forward sides of the habitat. The
catwalk, parts of which are deployed after the crew arrives, would be attached to the
upper members of the lander structure, and would provide a safe working area for EVA
personnel, figures 3-9 and 3-10.
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Design Requirements

« 7 cubic meters of resupply weighing approximately 1700 kg must be brought into the habitat through the airiock
« Resupply packages must be lifted 8-9 meters from surface to airlock entrance

« Thessize of resupply packages may vary depending on the enclosed materiais

« Externally stored resupply materials, such as repress gas, metabolic oxygen and EVA sublimator water, will not be
required to be lifted to the habitat level of the lander for resupply operations

A frame hoist
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Figure 3-10. Resupply and Logistics ACS018

Access to the catwalk from the surface is by way of a ladder located on one of the
forward lander legs. The long axis of the habitat/payload is oriented on the lander at a
45 degree angle to the landing legs, which allows the ladder to terminate at an open
space on the catwalk, instead of directly beneath the airlock. This will enhance the
safety of EVA operations by eliminating the need for a vertical ladder section connecting
the "leg-ladder" and the airlock. The airlock entrance is located approximately two
meters above the level of the catwalk, and has a smaller, deployable "threshold"
platform of it's own. A ships ladder connects the catwalk and this smaller platform.
Both platforms are surrounded with handrails.

Roughly five tonnes of resupply cargo will be offloaded from the crew lander on the
second mission, and delivered to the airlock entrance for transfer into the habitat. The
airlock entrance is seven to eight meters above the surface, and it will be difficult for a
suited astronaut to deliver the required resupply packages to the airlock platform by
hand. Therefore, methods were developed to minimize the amount of material lifted to
the level of the habitat. Life support resupply gases will be connected to the system
through valving located at the base of the lander, after transfer from the crew lander on
a trailer attached to a rover. Other noncritical resupply materials can be stored under a
thermal protection blanket, under the habitat lander, and brought into the hab as needed.
Those supplies that are required immediately would be hoisted directly to the airlock
platform from the surface through the use of an "A" frame type hoist, figures 3-10 and
3-11. The hoist's capacity will allow 400 kilograms of cargo or personnel to be lifted
directly to the airlock entrance.
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ACS033

Figure 3-11. First Lunar Outpost Configuration

3.8 INTEGRATED BASELINE MASS SUMMARY

A mass summary for the Boeing FLO Integrated Baseline Habitation System is
presented in figure 3-12. An illustrated history of FLO habitation system mass is
provided in figure 3-13. Appendix A gives a detailed breakdown of Boeing masses along
with hardware locations, data sources, and assumptions. Appendix B includes lower level
values of Boeing and MSFC mass estimates and associated rationale for any differences.
Descriptions for specific baseline systems are included in the following paragraphs of
this section.

3.9 CONSUMABLES STOWAGE VOLUME ASSESSMENT

Internal volume is recognized as a valued commodity on SSF and may also be a
significant constraint to FLO design. Earlier discussions have stated the assumption that
systems currently contained within a SSF rack would continue to occupy this volume for
FLO applications; thus, system volume estimates have been made mainly on a rack-to-
rack comparison and the current internal configuration has been developed to
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Module Structure 6345 kg
Internal Systems
ECLSS 2990 kg
Medical Support 668 kg
Crew Systems 1402 kg
DMS 687 kg
1AV 97 kg
Internal EPS 711kg
internal TCS 1262 kg
internal Science 767 kg
Internal EVAS 535 kg
External Systems
Support Structure 2064 kg
CaT 72kg
External EPS 5451 kg
External TCS S20 kg
Airlock System 2175kg
EVA Suits with crew
Gas Conditioning Assembly 258 kg
Dedicated Radiation Protection Not Required
Consumables 2505 kg
Contingency (15 - 28% of Ext Systems) 1477 kg
[Total Landed Mass 29.986kg |

Figure 3-12. Integra ted Baseline Concept Description, Mass Properties Summary
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Figure 3-13. Boeing STCAEM Lunar Outpost Habitat, Concept Mass History
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accommodate these necessary functions. The FLO habitation system also contains a
large quantity of consumables, the majority of which must be stored internal to the
module. To evaluate the internal volume needs versus availability, a preliminary
assessment was made of the volume required for 45 days worth of consumables. The
obvious purpose of this study was to identify potential problems and solutions associated
with internal volume storage requirements in support of habitat definition,
operations/logistics analyses, and consumables philosophy development.

The results of this evaluation and comparison of the volume available in the current
module layout to the estimated volume needed for internal consumables is given in
figure 3-14. These initial findings suggest the baseline layout offers a potential
12.4 cubic meters of stowage volume; however, 3 m3 of this potential volume is located
in front of the windows and may not be usable due to access needs and viewing
operations but may be suitable for hanging EVA suits (and possibly allowing all four suits
to be attached to the SPCUs simultaneously). Currently, 7.9 m3 of internal consumables
have been identified and may suggest changes to the present layout; for example,
Personal/CHeCS Stowage will probably require more than one rack but Galley Supplies
and Food take up only a third of its allocated space (although trash and waste storage is
still unknown). Other unknowns include actual system spares and expendables needs,
furniture stowage schemes, and science/sample stowage requirements. Assuming that
the empty space in front of the windows is used for suits only, volume needed approaches
85% of volume available. Continuing definition of the quantity, size, and scheduling of
consumables is necessary to verify packaging densities, to identify resupply operations
and changeout needs, to help establish repair/replace and redundancy schemes, to define
both dormancy and manned requirements, and to develop the optimal consumables
manifest mix between that burdened on the initial habitat and that brought by the first
visiting crew. A very real concern is the actual packaging available within racks,
consumable packaging, and other containers which may further reduce the available
volumes assumed in this study. FLO development should closely consider both SSF
volume allocation history and ongoing refinement to ensure reasonable planning for its
own internal volume.

3.10 PRELIMINARY STRUCTURAL EVALUATION

A preliminary structural evaluation of the Space Station Freedom Hab module was
performed in order to utilize it as the First Lunar Outpost. The effects of SSF Hab-A
mass change on trunnion loads and reactions were calculated, possible weight reductions
issues were addressed, and a trade study on the selection of an airlock was conducted. A
brief summary of the work is provided.
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Stowage Volume R';::k‘" A\::‘:li‘llft‘:?c Consumabies to be x:'.“d"";
Identifier Equivalents (m3)* included (m3)*
EVA Stowage Rack 1.0 15 o EMU expendables | 0.72
« EMU Spares 031170
« Dust Control 067
Personnel/CHe(S Stowage 1.0 15 « Clothing 1.77
Rack « Personal Hygiene 021 | 5 g7
o Off Duty 0.19
o CHeCS Supplies 0.50
Galley Stowage Racks 20 30 o Food 0.58 }0 92
o Galley Supply 0.34 :
Critical ORUs Rack 10 15 « Internal System 15
Spares (assumed)
(placeholder)
SPCU/EVA Stowage Rack 0.25 0.375 o Stowed Suits (?)
{assumed)
Volume availabie in ADPA 0.25 0.375 « ECLSS Expendables | 0.40
Rack (assumed)
Volume available under 0.25 0.375 ¢ Stowed Suits(?)
floor at end near Crewlock | (assumed)
Open area in front of 20 30 « Standing Suits (?)
windows (must consider (maybe?)
access)
Volume available in 0.5 0.75 o Operations 043
back-up hatchway (assumed) « Maintenance 014 »0.73
o Science 0.16
Totals 8.25 12.375 792+

* Usable volume in 80" rack approximately 1.5 cubic meters

Figure 3-14. Study Results

3.10.1 Loads and Reactions ,

The SSF Hab launch and abort-landing loads/reactions were evaluated. FLO Hab's
launch configuration is 90 degrees to the SSF Hab's launch configuration (which is similar
to the SSF Hab landing configuration). Basic geometry and the trunnion locations are
shown in figures 3-15 and 3-16, respectively. In order to evaluate the magnitude of the
loads, with respect to change in mass, the following assumptions were made:

a. SSF Hab to be used without major structural modifications.

b. SSF Hab Baseline mass ~17.5.

e¢. FLO Hab to be launched aboard an NLS-type launch vehicle.

d. FLO Hab to be supported at the same reaction points as the SSF Hab.

e. Space Shuttle foreing functions will be used for dynamic loads calculations.

Calculations were based upon the FLO Hab launch "g" loading provided (fig. 3-17,
ref. 11). Static loads and reactions were calculated for the FLO Hab for three mass
configurations, 17.5-, 20.0- and 23.0-metric tons. Dynamic loads and trunnion reactions
were generated for 17.5- and 23-metric ton mass configurations using the "g" loading and

Space Shuttle forcing functions. Reactions for 20-metric ton Hab were interpolated
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from the 17.5-mt and 23-mt reactions. Once the static and dynamic loads and reactions
were available, dynamie amplification factors were obtaine